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Abstract 

Septins are important components of the cytoskeleton that are highly conserved in eul<aryotes and play major roles in 
cytokinesis, patterning, and many developmental processes. Septins form heteropolymers which assemble into higher- 
order structures including rings, filaments, and gauzes. In contrast to actin filaments and microtubules, the molecular 
mechanism by which septins assemble is not well-understood. Here, we report that in the filamentous fungus Aspergillus 
nidulans, four core septins form heteropolymeric complexes. AspE, a fifth septin lacking in unicellular yeasts, interacts with 
only one of the core septins, and only during multicellular growth. AspE is required for proper localization of three of the 
core septins, and requires this same subset of core septins for its own unique cortical localization. The Aosp£ mutant lacks 
developmentally-specific septin higher-order structures and shows reduced spore production and slow growth with low 
temperatures and osmotic stress. Our results show that at least two distinct septin heteropolymer populations co-exist in A. 
nidulans, and that while AspE is not a subunit of either heteropolymer, it is required for assembly of septin higher-order 
structures found in multicellular development. 



Citation: Hernandez-Rodriguez Y, Masuo S, Johnson D, Orlando R, Smith A, et al. (2014) Distinct Septin Heteropolymers Co-Exist during Multicellular 
Development in the Filamentous Fungus Aspergillus nidulans. PLoS ONE 9(3): e92819. doi:10.1371/journal.pone.0092819 

Editor: Gustavo Henrique Goldman, Universidade de Sao Paulo, Brazil 

Received December 3, 2013; Accepted February 25, 2014; PubllsKied March 24, 2014 

Copyriglit: © 2014 Hernandez-Rodriguez et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which 
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited. 

Funding: This work was supported by NSF Grant IOS1051730 from the Developmental Systems Cluster (to MM), the Institutional Program for Young Researcher 
Overseas Visits by the Japan Society for the Promotion of Sciences (to SM) and the NIH Integrated Technology Resource for Biomedical Glycomics Grant 
P41RR018502 (to RO). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. 

Competing interests: The authors have declared that no competing interests exist. 

* E-mail: momany@plantbio.uga.edu 

na Current address: Graduate School of Life and Environmental Sciences, University of Tsukuba, Tsukuba, Ibaraki, Japan 
nb Current address: Center for Infection and Immunity, Columbia University, New York, New York, United States of America 

Tl YH and SM are joint first authors on this work. 



Introduction 

Septin GTPases are key components of the cytoskeleton with 
roles as important and diverse as those of actin, microtubules and 
intermediate filaments [1-3]. Septins form heteropolymers, which 
then associate into higher-order structures, typically at the cell 
cortex, where they can act as diffusion barriers, maintaining 
proteins within discrete subcellular domains, and scaffolds for 
reorientation of the F-actin cytoskeleton. In contrast with actin 
filaments and microtubules, very little is known about how septin 
heteropolymers form or even whether septin function requires 
these higher-order complexes. Septins play significant roles in 
developmental processes including polarity establishment, cell 
division, vesicle trafficking and cell patterning [4,5]. Perturbation 
of septins has been associated with fungal pathogenesis in addition 
to a variety of human diseases such as cancer and Alzheimer's [1]. 
Septins were first discovered through S. cerevisiae mutants that 
failed to complete cytokinesis [6]. The S. cerevisiae septin proteins 
Cdc3, CdclO, Cdcll and Cdcl2 were later shown to localize to 
the yeast neck where they form the 1 0 nm filament array between 



the mother cell and daughter bud and serve to restrict and 
organize cell division proteins at the bud site [4,5,7]. 

The number of septin genes reported in individual organisms 
ranges from a low of two in C. elegans to a high of seventeen in 
zebrafish [8,9]. Mammalian septins were placed into four groups 
based on sequence similarity and named for representative septin 
members Sept2, SeptS, SeptG and Sept? [10]. Subsequent 
phylogenetic analysis of 78 septins from metazoans confirmed 
these groups and showed that they were common to vertebrates 
[9] . Phylogenetic analysis of 1 62 sequences from animals and fungi 
placed septins into five groups: Group 1 containing fungal CdclO 
ortliologs along with animal SeptS and Sept6 groups; Group 2 
containing fungal Cdc3 orthologs along with animal Sept2 and 
Sept7 groups; Group 3 containing fungal Cdcll orthologs; 
Group4 containing fungal Cdcl2 orthologs; and Group 5 
containing AspE orthologs exclusively from filamentous fungi 
[8] . Recendy AspE-type septins were also found in the genomes of 
specific cUiates, diatoms, chlorophyte algae and brown algae, 
suggesting that this septin-type is likely ancestral and has been lost 
in multiple lineages [11,12]. Though AspE-type septins fall into a 
separate group, they contain the distinct GTP_CDC domain 
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along with other motifs tliat define septins [8]. While individual 
phylogenetic analyses differed in the naming of clades and 
subclades, they consistentiy group the same septins together. 

Studies of Cdc3-, CdclO-, Cdcl 1- and Cdcl2-type septins (core 
septins) from fungi and animals have shown that septin monomers 
associate via two kinds of interfaces (the G and NC interfaces) to 
form nonpolar heteropolymers. These heteropolymers in turn 
associate to form higher-order structures that are widely thought 
to be the biologically active septin form [13-15]. Though all of the 
rules for septin assembly are not yet understood, it is clear that the 
ability to form dimers via the G or NC interface is important for 
heteropolymer assembly and that only certain septins can interact 
with each other. Within a heteropolymer, septins interact either 
with themselves or with a septin from another group [16,17]. 

In S. cerevisiae the major heterooctamer rod in vegetative growth 
is formed by the core septins in the order Cdcl 1 -Cdcl 2-Cdc3- 
CdclO-CdclO-Cdc3-Cdcl2-Cdcll (Fig lA) [13]. The central 
CdclO monomers dimerize via the NC interface and interact with 
the neighboring Cdc3 monomers via the G interface. Interactions 
alternate between the NC or G interface along the rest of the 
heterooctamer rod. Cdcll in the terminal position of the rod 
interacts with itself via an NC interface and so connects 
heterooctamer rods into linear filaments. When the septin Shsl, 
from the same group as Cdcll, substitutes for Cdcll, hetero- 
octamers associate laterally rather than end-to-end and give rise to 
a ring rather than a linear filament [18]. If certain septin subunits 
are eliminated via mutation, new dimer combinations become 
possible preserving the ability to assemble heteropolymers and 
higher-order structures [14]. If the central CdclO homodimer is 
eliminated through mutation, die newly exposed Cdc3 subunits 
homodimerize via the G interface. Similarly, if the terminal Cdcl 1 
subunits are eliminated, the newly exposed Cdcl 2 subunits 
homodimerize via the G interface. 

The filamentous fungus Aspergillus nidulans contains the four core 
septins, and a fifth septin, the function of which is currently 
unclear (Fig. IB). Previous work showed that each of the A. nidulans 
septins could be deleted without loss of viability and led to the 
hypothesis that the four core septins associate into a heterooctamer 
in a manner analogous to their S. cerevisiae counterparts [19,20]. 
The early development of A. nidulans from asexual spores (conidia) 
is naturally synchronous with easily scored developmental 
landmarks [21]. Here we investigate interactions among the five 
septins oi A. nidulans during three distinct stages of early vegetative 
development: isotropic expansion of the conidium, unicellular 
polar growth following germ tube emergence, and multicellular 
growth following septation (Fig. IC). Using septin fusion proteins 
expressed from native septin promoters at wild-type levels, 
immunoprecipitation, and mass spectrometry, we show that the 
four A. nidulans core septins interact as expected during early 
development, but form distinct stage-specific heteropolymers 
during multicellular growth. We show that the fifth septin, AspE, 
localizes to punctate structures at the cell cortex- distinct from 
higher-order structures typically formed by septins -and, further- 
more, is not a member of septin heteropolymers. Mutants lacking 
aspE also show developmental phenotypes during multi-cellular 
growth under stress conditions. Our results show that at least two 
distinct septin heteropolymer classes co-exist in A. nidulans 
vegetative growth and that while AspE is not required for the 
formation of either type of heteropolymer, it is required for the 
association of one class of heteropolymers into higher-order 
structures specific to multicellular growth. 
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Figure 1. Interactions among A. nidulans septins in early 
development. A) Heterooctamer formation in S. cerevisiae vegetative 
growth (based on Bertin et al, 2008). The wide end of septin subunit 
(darl< blue) represents the NC interface and the narrow end (gold) 
represents the G interface. B) Clustal W tree of representative fungal 
septins. Sc_S. cerevisiae, kq_A. gossypii, hn_A. nidulans and Mo_M. 
oryzae. C) A nidulans early developmental stages. IJsotropic, U_ 
Unicellular polar, and IVI_iVlulticellular. Scale bar 5 i^m. 
doi:1 0.1 371/journal.pone.009281 9.g001 

Materials and Methods 

Strains, growth conditions and microscopy 

Experiments were carried out using A. nidulans strains described 
in Table SI. Conidia were inoculated to liquid minimal medium 
(MM) or complete medium (CM) and incubated at 30°C on glass 
coverslips unless otherwise noted and microscopy was carried out 
using a Zeiss Axioplan microscope and a Zeiss Axiocam MRc 
charge-coupled device camera and software as previously 
described [19,20]. Photoshop CSS was used to combine DIC or 
light images with fluorescence images and for micrograph 
organization and improvement of contrast and brightness. For 
plate growth assays, 1 xlO'' freshly harvested conidia of wUdtype 
and AaspE were inoculated to the center of plates containing MM 
or CM solid medium with or without 1.2 M sorbitol and 
incubated at 18°C, 26°C, 30°C, 37°C or 42°C and colony 
diameter was measured. 

Gene targeting and tagging 

Septin gene replacement with AfpjrG, asp-gfp or asp-Stag was by 
transformation of an AnkuA strain by cassettes constructed using 
fusion PCR as previously described [22]. AH transformants were 
verified by diagnostic PCR and Southern hybridization as 
previously described [19]. Progeny from crosses were verified by 
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diagnostic PGR using KOD XTREME Hot Start DNA Polymer- 
ase (71975-3, EMD Millipore) according to manufacturer's 
instructions. 

Immunoprecipitation and Western blot analysis 

IxlO' conidia/ml of ^. nidulans wildtype, septin S-tag, septin- 
GFP, or septin-GFP, deletion combination strains were incubated 
in 1-2 L of liquid GM medium with required supplements at 30°G 
with shaking at 220 rpm for 4—5 h (isotropic), 8-9 h (unicellular) 
and 16-19 h (multicellular). Gultures at the appropriate develop- 
mental stages (verified by microscopy) were harvested, filtered, 
frozen in liquid nitrogen and ground. Ground cell powder was 
resuspended in 1 M HK buffer, 300 mM NaGl, 1 mM DTT, with 
protease inhibitor (Mini, EDTA-free Protease Inhibitor Cocktail 
Tablets, Roche Applied Science). Cellular debris was removed by 
centrifugation at 4,000 for 10 mins at 4°C. Supernatant was 
collected and clarified by two rounds of centrifugation at 14,000 
for 10 min at 4°G. Protein in supernatant was quantified with the 
RC DC Protein Assay Kit (Bio-Rad Laboratories, Hercules, GA) 
using bovine serum albumin as standard. 

For immunoprecipitation, agarose beads conjugated with anti- 
Stag antibodies (69704, S-protein Agarose, Novagen) or GFP- 
Trap_A (ChromoTek Gmbh, Planegg-Martinsried, Germany) 
were combined with A. nidulans protein isolated from the 
appropriate strain, suspended in 1 M HK buffer, 300 mM NaCl, 
1 mM DTT with protease inhibitor and incubated for 2 hrs with 
rocking at 4°G. Samples were washed four times with decreasing 
volumes of 1 M HK buffer, 300 mM NaGl, 1 mM DTT. Beads 
were combined with an equal volume of 2 x sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample 
buffer and samples were treated for 5 min at 95°C. 

The solubilized proteins (10-20 ng/lane) were resolved by SDS- 
PAGE (4% stacking gel, 10% separating gel) on two identical gels. 
One gel was stained with Goomassie Blue and the other was 
transferred to a nylon membrane for Western Blotting. The 
following antibodies were used for Western Blots following 
manufacturer instructions: Affinity Purified Rabbit anti-Stag, or 
Affinity Purified Rabbit anti-GFP antibodies 1 :20,000 (Immunology 
Consultants Laboratory, Pordand, OR-USA); Goat anti-Rabbit 
IgG Horseradish Peroxidase Conjugate 1:5,000 (CalBiochem/ 
EMD, Billerica, MA-USA). Proteins carrying Stag or GFP fusions 
were detected using Amersham ECL Western blotting detection 
reagents and film analysis system according to the manufacturer's 
instructions (GE Healthcare, United Kingdom). 

LC-MS/MS 

Samples were loaded to SDS PAGE gels and run through the 
stacking gel until samples entered the separating gel, excised, and 
digested with trypsin. Data was acquired using an Agilent 1100 
Capillary LC system (Palo Alto, CA), using the EXP Stem Trap 
2.6 |tL cartridge packed with Halo Peptide ES-C18 (Optimize 
Technologies, Oregon City, OR) along with a 0.2x50 mm Halo 
Peptide ES-C18 capillary column (Ad\ anced Materials Technol- 
ogy, Inc., Wilmington, DE). On-line MS detection used the 
Thermo-Fisher LTQ, ion trap (San Jose, CA) with a Michrom 
(Michrom Bioresources, Auburn, CA) captive spray interface. Raw 
tandem mass spectra were converted to mzXML files, then into 
mascot generic files (MGF) via the Trans-Proteomic Pip(;line 
(Seatde Proteome Center, Seattle, WA). MGF files were searched 
using Mascot (Matrix Scientific, Boston, MA) against separate 
target and decoy databases containing only Aspergillus nidulans 
proteins. Normalized spectral counts were produced in ProteoIQ, 
as previously described [23-25]. 



Clustal Analysis 

A rooted phylogenetic tree (UPGMA) was executed using 
Multiple Sequence Alignment - CLUSTALW: (http:/ /www. 
genome jp/tools/clustalw/). Septin sequences from the following 
organisms were used: Sc_Saccharonrfces cerevisiae: CDC3/YLR314C, 
GDC10/YCR002C, CDCl 1/YJR076G, GDG12/YHR107G, 
SHS1/YDL225W. Ag_Ashbya gossypii: CDC3/AAR1 1 IG, 
CDC 10/AAROO ICCDC 1 1 /AER445C, CDC 1 2/AER238C, 
SHS1/ABL159W. An_Aspergillus nidulans: AspA/AN4667, AspB/ 
AN6688, AspC/AN8182, AspD/AN1394, AspE/AN10595. 
Mo_Magnaporthe oryzae: SEP3/MGG01521, SEP4/MGG06726, 
SEP5/MGG03087, SEP6/MGG07466 and AspE. 

Results 

The core septins physically interact during early 
development 

Septin monomers bind to each other via their NC and G 
interfaces to form heteropolymers which interact to form higher- 
order structures. It is becoming clear that only certain septins are 
able to bind to each other by a defined NC or G interface and that 
dimer formation is critical for heteropolymer assembly [16,17]. 
The filamentous fungus A. nidulans has a single representative of 
each of the five septin groups, four orthologous to the S. cerevisiae 
core septins and one not found in S. cerevisiae (Fig. IB). To better 
understand interactions among the five septins of the filamentous 
fungus A. nidulans (AspA-AspE) we performed immunoprecipita- 
tion experiments taking advantage of the natursd synchrony of 
easily scored landmarks in early A. nidulans development [21]. 
Unicellular spores (conidia) break dormancy in the presence of a 
carbon source and have a short period of nonpolar, isotropic 
expansion (Fig. IC, I). Isotropically expanding conidia soon 
establish an axis of polarity and a small protrusion (the germ tube) 
emerges in unicellular polar growth (Fig. IC, U). The protruding 
germ tube continues to extend along the same axis of polarity and 
is partitioned by crosswalk (septa) forming the multicellular hypha 
(Fig. IC, M). Branches emerge from hyphal compartments, with 
the most basal compartment branching earliest. 

Using fusion PGR and homologous integration [22], we 
constructed strains in which one of the five septins was replaced 
with a septin-C-terminal Stag fusion at the corresponding septin 
locus behind the endogenous promoter. All strains were verified by 
diagnostic PGR and DNA hybridization and showed wild type 
morphology. In Western blots, anti-Stag antibodies reacted with 
bands of the expected mobilities in SDS-PAGE for all five septins 
but did not recognize proteins in the wild t)'pe strain (Fig. SI). To 
examine interactions among septins, anti-Stag antibodies were 
used to precipitate proteins from wildtype and Asp-Stag strains at 
the multicellular stage. Immunoprecipitated proteins were ana- 
lyzed by SDS-PAGE and Western blot (Fig. 2). As expected, no 
proteins were precipitated by anti-Stag antibodies from the 
wildtype strain. In strains carrying either AspA*"''' "-Stag, 
AspB'^*'^-Stag, AspC*^'* '^-Stag or AspD'^'*'^'"-Stag, immunopre- 
cipitation pulled down all other untagged core septins, but not 
AspE. In the strain carrying AspE-Stag, immunoprecipitation 
from multicellular stage cells resulted in two protein bands 
differing by approximately 20 kDa. Both bands were recognized 
by anti-Stag antibodies showing that their C-termini are intact. It 
is possible that the extra band resulted from proteolytic 
degradation during protein isolation. It is also possible that the 
two bands resulted from post-translational modification or 
alternative splicing, both of which are common among septins 
[26,27]. 
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Figure 2. Core septins interact in immunoprecipitation. Protein was isolated from multicellular stage wildtype and strains carrying a single S- 
tagged septin. Protein was immunoprecipitated by anti-Stag antibodies, separated by SDS PAGE and either stained with Coomassie Brilliant Blue (left 
panel) or probed with anti S-tag antibodies (right panel). S-tagged septin used as bait in immunoprecipitation is indicated below lane. Asterisk 
indicates S-tagged septin. Positions of core septins are indicated on the left. Note AspA'"'''^^ ' and AspC'"'''^''^ are very close in mass and appear to run 
as a single protein band. Molecular mass markers are indicated on the right. Lane 1)wildtype; 2) AspA'"'''^"-Stag strain; 3) AspB'~'^'^^-Stag strain; 4) 
AspC'~'^'^''^-Stag strain; 5) AspD'~'''^'''-Stag strain; 6) AspE'Stag strain; 7) Over-exposure of lane 6 to better show immunoprecipitation result. Proteins 
and predicted mass: AspA'^'''^" (43 kDa), AspA'=''^"-Stag (AS, 45 kDa), AspB^''^^ (52 kDa), AspB^^'^^-Stag (BS, 55 kDa), AspC'=''"^ (44 kDa), AspC'^'''^'^- 
Stag (CS, 46 kDa), AspD^''^^" (39 kDa), AspD^'^^^°-Stag (DS, 41 kDa), AspE (65 kDa), AspE-Stag (ES, 67 kDa), AspE-Stag smaller band (Es2, -55 kDa). 
doi:1 0.1 371 /journal.pone.009281 9.g002 



To define the interactions among septins during development, 
proteins immunoprecipitated fi"om isotropic, unicellular polar and 
multicellular stages were isolated fi-om SDS-PAGE gels, trypsin 
digested and analyzed by LC-MS/MS. In strains carrying either 
AspA^'''^"-Stag, AspB'^''''"'^-Stag, AspC'^^* '^-Stag or AspD'^^'*' "'- 
Stag, immunoprecipitation also pulled down the other three 
untagged core septins at all developmental stages (Table 1). In 
contrast, in the strain carrying AspE-Stag, immunoprecipitation 
pulled down only AspE itself at the isotropic and unicellular polar 
stages and AspE and low levels of AspB*^* at the multicellular 



stage. No nonseptin proteins were immunoprecipitated from any 
developmental stage. 

AspE shows punctate localization at the cell cortex and 
septa during early development 

In previous work we used homologous integration to construct 
A. nidulans strains in which genes encoding aspA'''^'''" , asplf'^'^''^ or 
aspCf^''''^ were replaced by asp-gfp fusions [19,20]. Strains carrying 
either AspA'^''""-GFP, Aspfi'^'^'^-GFP, or AspC*^* '^-GFP all 
showed septin localization as rings at septa and as thick bars and 



Table 1. LC-MS/MS Analysis of affinity purified septins. 





Dev. Stage 


Septin-Stag 


Precipitated Septin (normalized spectral counts) 










AspA 


AspB 


AspC 


AspD 


AspE 


Isotropic 


AspA-Stag 


40.99 


57.71 


48.86 


32.32 


0 




AspB-Stag 


23.8 


48.7 


35.44 


37.05 


0 




AspC-Stag 


22.41 


32.72 


38.13 


27.76 


0 




AspD-Stag 


28.77 


51.34 


38.61 


48.14 


0 




AspE-Stag 


0 


026 


0 


0 


15.08 




WT 


0.29 


0 


0.26 


0 


0 


Unicellular 


AspA-Stag 


43.66 


54.49 


43.82 


36.14 


0 


polar 


AspB-Stag 


51.34 


65.82 


49.24 


38.65 


0 




AspC-Stag 


55.08 


61.46 


56.58 


41.19 


0 




AspD-Stag 


50.53 


73.31 


53.68 


66.43 


0 




AspE-Stag 


0 


1.8 


0.26 


0.26 


28.85 




WT 


0 


0.61 


0.32 


0 


0 



Multicellular AspA-Stag 7471 148.83 80.93 80.91 0 



AspB-Stag 


58.66 


156.05 


74.27 


70.65 


0.27 


AspC-Stag 


55.29 


121.71 


66.23 


55.00 


0 


AspD-Stag 


61.81 


142.60 


79.84 


85.31 


0 


AspE-Stag 


1.615 


8.61 


1.365 


0.26 


86.81 



WT 0 1.5 0.32 0.29 2.22 



A. nidulans wildtype (WT_No Tag) and septin S-tag strains were grown for 4-5 h (isotropic), 8-9 h (unicellular) and 16 h (multicellular) at 30 C In liquid media with 
shaking. Developmental stages were monitored by microscopy. Proteins were Isolated, Immunoprecipitated and analyzed by LC-MS/MS. The average of two biological 
replicates is shown. 
doi:1 0.1 371/journal.pone.009281 9.t001 
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thinner filaments in other areas of the cell during dc-vclopmcnt. To 
further investigate the roles of AspE, we used homologous 
integration to construct a strain in which the native aspE was 
replaced by aspE fused in frame to gfp. aspE-gfp was introduced at 
the aspE locus behind the endogenous promoter and the strain was 
verified by diagnostic PGR and DNA hybridization and showed 
wild type morphology. AspE-GFP exhibited much weaker 
fluorescence than the core septins fused to GFP, consistent with 
earlier results showing that aspE RNA is expressed at lower levels 
than the other septins [28] and the relati\'ely low protein levels 
seen in immunoprecipitation experiments (Fig. 2). In dormant 
conidia, AspE localized to the conidial cortex as a prominent 
single bright spot (Fig. 3). As conidia expanded isotropically, AspE 
localized as a series of cortical spots and as the germ tube emerged 
and extended, AspE localization remained cortical. During septum 
formation, AspE localized to forming septa in a pattern that was 
more punctate than seen with the other septins. As the hypha 
continued to extend and branch, AspE remained locahzed to the 
cortex of actively growing areas at the hyphal tip and branches. In 
contrast to the other septins, AspE localization was not detected in 
conidiophores, the asexual reproductive structures (data not 
shown). 



to the cytoplasm and no punctae or other septin higher-order 
structures were detected (Fig. 3, and data not shown). In contrast, 
in the aspE-gfp Aajj&i/*'"' strain, AspE localization was punctate at 
the cell periphery and septa, as seen in the wildtype background 
(Fig. 3). 

In previous work we found that in an AaspE mutant, AspB ' ' - 
GFP localization was normal in isotropic and unicellular polar 
stages, but that in the multicellular stage, it did not form the thick 
bars or hyphal tip cap seen in wildtype [20]. To determine 
whether the other core septins require AspE for their localization, 
we constructed strains in which each asp-gfp fiasion drivc-n by its 
native promoter at the endogenous locus was combined with 
AaspE (Fig. 4). AspC'^''^'^-GFP localization in the AaspE 
background was normal in isotropic and unicellular polar stages, 
but in multicellular stage cells the appearance of bars and 
filaments was greatly reduced and large punctae formed in nascent 
branches and at hyphal tips. Consistent with previous results 
showing that AspA' *'' ' ' and AspG*^*'^ show identical localization 
patterns in the wild- type background [19], AspA*^'''^" showed the 
same pattern as AspC'^'*'^'^ in the AaspE background (data not 
shown). In contrast, AspD'^'''^'''-GFP localized normally in the 
AaspE background (Fig. 4). 



AspE localization requires three core septins and 
localization of these core septins requires AspE 

To further investigate the relationship of AspE to the core 
septins, we constructed strains in which aspE-gfp driven by its 
native promoter at the endogenous locus was combined with each 
Aasp mutant (Fig. 3). To our surprise, AspE-GFP required all core 
septins except for AspD™*^'" for normal localization. In the nspE- 
gfp Aasjfti?*"' strain, AspE localized to the cytoplasm and to a small 
number of bright spots often at the periphery of nuclei (seen as 
dark oval areas that exclude AspE-GFP). When combined with 

' " , AspE-GFP localized 



AaspA"''", AaspC^" or AaspA'''''' AaspC' 



AspE is not a member of a septin heteropolymer 

We reasoned that the loss of normal AspE-GFP localization in 
AaspA'^''' , AaspE ''''^ , and AaspC'^' strain backgrounds could have 
resulted from either failure to assemble heteropolymer units from 
core septin monomers or failure to assemble heteropolymers into 
the higher-order structures visualized by fluorescence microscopy. 
To distinguish between these possibilities, we performed immu- 
noprecipitation experiments on all aspE-gfp, Aasp strains in 
multicellular stage growth (Fig. 5). When any of the GFP- tagged 
core septins were used as bait in the AaspE background, all other 
core septins were precipitated. This suggests that heteropolymers 



aspE-gfp 



aspE-gfp AaspB 
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Figure 3. AspE localization is highly cortical and requires AspB"'^ AspA"'" and AspC"'^^ but not AspD"'^°. AspE-GFP is highly 
cortical throughout early development. Images are arranged chronologically and represent dormant conidia, unicellular polar and multicellular stages 
of growth. Note aspE-gfp AaspA, aspE-gfp AaspC, and aspE-gfp AaspAAaspC strains all showed identical cytoplasmic localization. Scale bar, 5 (xm. 
dol:1 0.1 371/journal.pone.009281 9.g003 
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aspC-gfp AaspE 




aspD-gfp AaspE 




Figure 4. AspE is required for proper AspC'"'''^^^ localization to 
apical bars, tips of hyphae and branches in the multicellular 
stage, but not for AspD""='° localization. Top: AspC'='''^'^-GFP 
localizes as dots and bars in dormant conidia and isotropic cells and as 
bars, filaments, dots, rings, and hyphal caps in unicellular polar and 
multicellular stages. In AaspE, AspC'~'''^'^-GFP bars, filaments and caps 
are lost in the multicellular stage. Scale bar, 5 |im. Bottom: AspD'"'^'^'"- 
GFP localizes as dots and bars in dormant conidia and isotropic cells 
and as bars, filaments, dots, rings, and hyphal caps in unicellular polar 
and multicellular stages. In AaspE, AspD'~'^'^'°-GFP localization appears 
unchanged. 

doi:1 0.1 371 /journal.pone.009281 9.g004 



containing tlie core septins are assembled in tlie absence of AspE, 
even though higher-order structures containing AspA*^*", 
AspB'^'''^^, and AspC'^'*'^'^ are not visualized without AspE. In 
reciprocal experiments when AspE-GFP was used as bait in the 
Jasp strains, only AspE was recovered (Fig. 5). This suggests that 
AspE does not substitute for one of the core septins in an alternate 
heteropolymer. 
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Figure 5. Core septins interact in the absence of AspE. AspE 
does not substitute for a core septin. Protein was isolated from 
multicellular stage wildtype and strains carrying a single GFP-tagged 
septin in combination with a single septin deletion. Protein was 
immunoprecipitated by anti-GFP antibodies, separated by SDS PAGE 
and stained with Coomassie Brilliant Blue. GFP-tagged septin used as 
bait in immunoprecipitation and septin deletion background are 
indicated below lane. Asterisk indicates GFP-tagged septin. Positions 
of core septins are indicated on the left and of molecular mass markers 
on the right. Note, for AspE-GFP immunoprecipitates lanes 5-10, 
approximately twice the amount of protein was loaded in each lane to 
improve visualization. Arrowheads indicate nonspecific bands faintly 
visible in wildtype. Lane 1) aspA'^'^"-gfp AaspE strain; 2) aspB'"°"-gfp 
AaspE strain; 3) aspC^°^'^-gfp AaspE strain; 5) aspD'"°^"'-gfp AaspE 
strain; 5) wildtype strain; 6) aspE gfp strain; 7) aspEgfp AaspA'^'''^" strain; 
8) aspEgfp AaspB"''^^ strain; 9) aspEgfp A aspC''"^ ^sltam; 10) aspEgfp A 
ospD^*'°strain. 

doi:10.1 371/journal.pone.009281 9.g005 

AspE is important for sporulation and multicellular 
development under stress conditions 

To better understand the role of AspE, we examined the growth 
phenotype of a strain in which aspE was replaced by a nutritional 
marker (AaspE). The timing and morphology of early develop- 
mental landmarks (nuclear division, germ tube emergence, septum 
formation, and branching) and morphology of conidiophores of 
the AaspE strain were virtually indistinguishable from wildtype 
(Table S2). To examine potential roles of AspE in later growth and 
under stress, AaspE and wildtype strains were inoculated to 
minimal medium with or without 1.2 M sorbitol addition and 
incubated at temperatures ranging from 18-42°C for 7-14 days 
(Fig. 6). Conidial production in the AaspE strain was 8-50-fold 
lower than in wildtype across all conditions tested. There were few 
differences in radial expansion of AaspE and wildtype strains 
incubated at 30°C or higher. However, when incubation was at 
18°C or 26°C with sorbitol in the medium, AaspE showed much 
less growth than wildtype. In the most extreme case, when 
incubated at 18°C on minimal medium supplemented with 1.2 M 
sorbitol, wildtype grew three times faster than AaspE. By 14 days 
Aa.spE colonies became shiny with irregular margins, the typical 
signs of colony autolysis, the enzymatic self-degradation of aging 
hyphae [29]. 

Discussion 

Previous studies have demonstrated the presence of septin 
heterooctamers in fungi and heterohexamers in mammals 
[13,14,16,17,30]. Our results show that similar heteropolymer 
units are formed in A. nidulans by core septins AspA*^*", 
AspB'^'*^ AspC*^* and AspD'^^'^"'" throughout early develop- 
ment and that AspE is not a member of these heteropolymers. The 
apparent nonstoichiometric levels of AspE we observed (Fig. 2) are 
reminiscent of those reported for the Shs 1 septin in S. cerevisiae and 
A. gossjipii [13,30]. Bertin et al [13] suggested that Shsl replaces 
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Figure 6. JaspE shows reduced conidial production and slow growth at low temperatures with increased osmoticum. Wild type and 
AaspE strains were inoculated at the same spore concentration to minimal medium (MM) with or without 1.2 M sorbitol and incubated for 7 or 14 
days as indicated. A) Plates were incubated for 7 days at 18"C, 26 C, 30"C, 37 C or 42 C, and colony diameter (mm) was measured. Averages were 
taken from 3 biological replicates. Error bars show standard deviation. B) Plates were incubated for 7 or 14 days. Colony diameter was measured and 
conidia were harvested in water and counted. Averages were taken from 3 biological replicates. C) Plates were incubated at 26 C for 7 or 14 days as 
indicated. Representative colony growth is shown. Note irregular colony periphery and shiny appearance typical of colony autolysis seen in AaspE 
colonies at 14 days. 
doi:10.1371/journal.pone.0092819.g006 



Cdcll in a .subset of heterooctamers in S. cerevisiae. Meseroll et al 
[30] suggested tliat septins might form polar heteropolymers with 
Cdcl 1 and Shsl at opposite ends or heterodecamers in A. gossypii. 
However, neither replacement of a core septin in heterooctamers, 
participation in a polar filament, nor decamer formation appears 
to explain the relationship of AspE to the other A. nidulans septins 
since none of the S-tagged core septins immunoprecipitated AspE 
as would be expected if AspE associated with them in a stable 
heteromeric complex (Fig. 2, Table 1). Similarly, AspE-Stag did 
not precipitate the core septins except for low levels of AspB*^^'"' in 
the multicellular stage. In S. cerevisiae, the association of the 
Shsl septin into heterooctamers is sensitive to high salt. It is lost 
from heteropolymers at 1 M KCl, but remains associated at 
250 mM [31]. Our immvmoprecipitation experiments were done 
under relatively high ionic strength conditions favoring tighdy 
bound proteins (300 mM NaCl). When we repeated our exper- 



iments using AspE-Stag as bait with NaCl concentrations ranging 
from 100 mM to 300 mM, AspE was still the only protein visible 
in PAGE (data not shown). While AspE does not appear to be a 
stable member of a septin heteropolymer, the low levels of 
AspB*"'*'' precipitated by AspE from multicellular stage cells 
would be consistent with a transient interaction of AspE with 
septin heteropolymers via AspB*^'''^^. Interestingly, single AspE 
group septin genes have been identified in the genomes of the 
chlorophyte algae Chlamydomoms reinhardtii, Nannochloris bacillaris 
and Volmx carteri [11]. Though localization and function studies 
have not yet been reported for these algal AspE-type septins, since 
they are singletons, they clearly cannot be members of a canonical 
septin heteropolymer. Our results also suggest that at least two 
classes of septin heteropolymers co-exist during A. nidulans 
vegetative development. The first class of heteropolymers contains 
all four core septins (AspA*"**'", AspB*^**''^, AspC*^*'^, and 
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AspD*"'*'^ while the second class contains all core septins except 
AspD'"'*'^"'. Based on known septin heteropolymer organization, 
we postulate that the first class assembles into heterooctamers 
while the second class assembles into heterohexamers (Fig. 7, A). 
Based on immunoprecipitation of septin-GFP firsions in die AaspE 
background (Fig. 5), neither postulated heterooctamers nor 
heterohexamers require AspE for formation. Based on visible 
fluorescence of Asp-GFP fusions in the AaspE background, the 
putative octamer containing all four core septin orthologs 
(AspA^"*"", AspB'^^*'\ AspC'^^''"'-', and AspD'^''""') assembles into 
higher-order structures independently of AspE (Fig. 5, Fig. 7A). 
We postulate that AspE-independent higher-order structures 
assembled from putative octamers are seen as spots and bars in 
isotropic and unicellular stages and as septal rings in the 
multicellular stage (Fig. 7B). In contrast, the putative hexamer 
containing AspA*^*", AspB*^''*' and AspC'^'*'^'^ appears to 
require AspE for assembly into higher-order structures visible by 
fluorescence microscopy. We postulate that the AspE-dependent 
higher-order structures assembled from putative hexamers are 
visible as cortical bars and cortical collars and caps at emerging 
branches and hyphal tips in multicellular stage cells (Fig.7B). One 
possible mechanism by which AspE might facilitate higher-order 
structure assembly of hexamers is via transient association with 
AspB monomers within the hexamer, leading to a conformational 
change or stabilization that facilitates assembly into higher-order 
structures (Fig. 7A). Consistent with a model in which hetero- 
hexamers lacking AspD'"'*' participate in diflerent higher-order 
structures than heterooctamers containing AspD*^'''^'", the Aas- 
pA"''" , Aaspff''''^, and AaspG''''^ mutants aU show similar 
perturbations of early developmental landmarks and dramatic 
emergence of extra germ tubes and branches [19,20], while the 
AaspU''''" mutant shows only subde thickening and bending of 
germ tubes and branches (Fig. S2). 

The postulated higher-order structures that require AspE for 
assembly appear to be required for AspE's own localization to 
visible punctae at the cell cortex. Such a requirement could be 
explained if the AspE-dependent higher-order structures made 
from AspA*""* ", AspB*^''*' ^, and AspC'^''*' '^ serve as platforms for 
assembly of AspE-dependent higher-order structures. Alternative- 
ly, perhaps the AspE-dependent higher-order structures stabilize 
microtubules or microfilaments upon which AspE must assemble 
or travel to its cortical destination (Fig. 7A). Indeed, interactions of 
septins with microtubules and microfilaments have been reported 
in many organisms [2]. 

In contrast to the core septin orthologs AspA*^*", AspB*"'''^'', 
and AspC*^*'^, in the AaspE background the core septin ortholog 
AspD'^'^'^"' is still visible in cortical higher-order structures at 
emerging branches and hyphal tips and as large bars in the 
cytoplasm (Fig. 4), leading us to speculate that AspD*^'* has 
another route to the cell cortex (Fig. 7B). Perhaps AspD can 
stabilize microtubules or microfilaments independently, or perhaps 
it is part of another complex. More detailed studies of AspD'"'*' "' 
are underway to clarify its relationship to the other septins. 

AspE orthologs have been localized in two other filamentous 
fungi with neither reporting the cortical punctae we observed; 
however in both cases, AspE-GFP was highly overexpressed rather 
than being driven by the native promoter as in our study. Aspergillus 
fumigatus AspE over-expressed from the otef promoter was reported 
to localize to tubular structures[32] and the Neurospora crassa AspE 
ortholog fused to GFP was localized as an extended hyphal cap at 
the plasma membrane after overexpression from the pccg promoter 
[33]. Interestingly, when affinity- tagged M. crassa septins were 
expressed from native promoters and used as baits in immuno- 
precipitation followed by mass spectrometry, core septin orthologs 




Figure 7. Model of septin heteropolymer and higher-order 
structure assembly in A. nidulans. A) Septin monomers spontane- 
ously form two classes of heteropolymer (indicated by light, stippled 
colors). Postulated heterooctamers contain all 4 core septins (AspA'"'''^", 
AspB'='''^ AspC^'''^'^ and AspD'^'*''''). Postulated heterohexamers lack 
AspD'='*''° but contain AspA'='''^", AspB^^'^^ and AspC'=''''^. Classes of 
heteropolymers have different routes of assembly into the higher-order 
structures visualized by fluroescence microscopy (indicated by bold, 
solid colors). Heterooctamers assemble into higher-order structures 
independently of AspE. Heterohexamers require AspE for assembly into 
higher-order structures. AspE transiently interacts with heterohexamers 
via AspB and this transient interaction facilitates higher-order structure 
assembly. The postulated hexamer higher-order structures stabilize 
cytoskeletal elements that are required for the delivery of AspE to the 
plasma membrane where it assembles into cortical higher-order 
structures. AspD'"'''^'° also forms higher-order structures at the cortex, 
possibly by participating in a complex with nonseptins. B) Locations of 
postulated higher-order structures visualized by fluorescence micro- 
scipy within basal (left) and apical (right) regions of the hypha. 
Heterooctamers form AspE-independent higher-order structures in- 
cluding bars in isotropic and unicellular stages and septal rings in the 
multicellular stage. Heterohexamers form AspE-dependent higher-order 
structures including cortical bars and cortical collars and caps at 
emerging branches and hyphal tips in multicellular stage cells. Stippled, 
light colors indicate septins within individual heteropolymers. Bold, 
dark colors indicate septins within higher-order structures that are 
visualized by fluorescence microscopy. Wavy arrow indicates move- 
ment. Light blue double bars indicate plasma membrane. Gray bars 
indicate cytoskeletal elements. Blue: AspA'^'''^"; Red: AspC'^'''^^^; Yellow: 
AspB'='''^; Green: AspD'=''''°; Purple: AspE. 
doi:1 0.1 371/journal.pone.009281 9.g007 

precipitated each other, but not the AspE ortholog, and no 
nonseptin proteins were recovered, consistent with our results. In 
contrast when the A. fumigatus AspE-GFP overexpressed from the 
otef promoter was used as bait in immunoprecipitation and 
followed by mass spectrometry, Juwadi et al [34] reported 48 
binding partners, including all other septins, actin, tubulin, heat 
shock proteins, proteins involved in protein synthesis and over a 
dozen metabohc proteins. 

It is clear that in A. nidulans AspE is especially important for the 
stability of the large septin bars containing AspA*^'*' AspB'^'*' '^, 
and AspC'^'*'^'^ in the multicellular stage. Though the role of these 
bars is unknown, they seem well-positioned to rigidify the cell 
cortex or modulate membrane pools, both roles that have been 
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proposed for mammalian septins [1,35-37]. Indeed the hyper- 
branching phenotype seen in AaspA"''" , AaspB"''^ and haspC''''^ 
[19,20] is reminiscent of the excessive blebbing and membrane 
protrusion seen in septin-deficient T cells [38] . Intriguingly, septins 
have been shown to play an active role in the retraction of 
membranes during shape change in response to increased 
hydrostatic pressure in these cells. Perhaps the osmotic sensitivity 
seen in AaspE at low temperatures reflects the need for greater 
cortical stability and membrane modulation with slow growth over 
long cellular distances. Such a need would be especially 
pronounced in multicellular organisms and might explain why 
equivalent septin structures are not seen in the relatively small 
unicellular fungus S. cerevisiae. 

Supporting Information 

Figure SI S-tagged septins from three developmental stages. 
Total protein isolated from A. nidulans wild type and septin S-tagged 
strains in isotropic, unicellular polar and multicellular stages was 
separated by SDS PAGE and probed with anti S-tag antibodies. 
(TIF) 

Figure S2 AaspD"^'^'' vegetative growth is largely normal and 
conidiophores are disorganized. Top: vvildt)'pe early \'cgetative 
growth with conidia, unicellular polar and multicellular hyphae. 
Far right, wUdtype conidiophore. Bottom: AaspKf^"^ shows subtle 
thickening of germ tube and branch necks, bending of some 
branches and some swollen tips. Conidiophore layers are highly 
disorganized. Scale bar, 5 \ixa. 
(TIF) 
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Table S2 AaspE is virtually indistinguishable from wUdtype in 
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For septum positioning, distance from the ckisest septum to the 
conidial compartment was measured. For branch number, after 
incubation for 12h at 30°C, branches per compartment delineated 
by two septa were counted. For conidiophore morphology, spores 
were incubated in agar between coverslips for 3 days at 30°C. 
Conidiophores were categorized as normal if all layers were 
present and abnormal if layers were absent or aberrant. The 
average of two independent replicates is shown. STDV, standard 
deviation. 
(DOCX) 

Aclcnowledgments 

We thank Susan Cowden lor technical assistance and Nicholas Talbot for 
sharing data and comments on the manuscript. 

Author Contributions 

Conceived and designed the experiments: MM RO YH SM DJ AS MG. 
Performed the experiments: YH SM DJ AS MC. Analyzed the data: MM 
RO YH SM DJ AS MC. Contributed reagents/materials/analysis tools: 
MM RO. Wrote the paper: MM YH DJ RO AS. 



18. Garcia G 3rd, Bertin A, Li Z, Song Y, McMurray MA, et al. (2011) Subunit- 
dependcnt modulation of septin assembly: budding yeast septin Shsl promotes 
ring and gauze formation. J Cell Biol 195: 993-1004. 

19. Lindsey R, Cowden S, Hernandez-Rodriguez Y, Momany M (2010) Septins 
AspA and AspC are important for normal development and limit the emergence 
of new growth foci in the multicellular fungus Aspergillus nidulans. Eukaryot 
Cell 9: 155-163. 

20. Hernandez-Rodriguez Y, Hastings S, Momany M (2012) The septin AspB in 
Aspergillus nidulans forms bars and filaments and plays roles in growth 
emergence and conidiation. Eukarvot Cell 1 1: 311-323. 

21. Momany M, Taylor 1 (2000) Landmarks in the early duplication cycles of 
Aspergillus jumigatus and Aspergillus nidulans: polarity, germ tube emergence and 
septation. Microbiology 146: 3279-3284. 

22. Yang L, Ukil L, Osmani A, Nahm F, Davies J, et al. (2004) Rapid production of 
gene replacement constructs and generation of a green fluorescent protein- 
tagged centromeric marker in Aspergillus nidulans. Eukaryot Cell 3: 1359-1362. 

23. PoweU DW, Weaver CM, Jennings JL, McAfee KJ, He Y, et al. (2004) Cluster 
analysis of mass spectrometry data reveals a novel component of SAGA. Mol 
Cell Biol 24: 7249-7259. 

24. Zybailov B, Moslcy ,AL, Sardiu ML, Cloleman .\1K, Florens L, et al. (2006) 
Statistical analysis of membrane proteome expression changes in Saccharomyces 
cerevisiae. J Proteome Res 5: 2339-2347. 

25. Zybailov BL, Florens L, Washburn MP (2007) Quantitative shotgun proteomics 
using a protease with broad specificity and normalized spectial abundance 
factors. Mol Biosyst 3: 354-360. 

26. Hemandez-Rodi%uez Y, Momany M (2012) Posttranslational modifications 
and assembly of septin heteropolymers and higher-order structures. Curr Opin 
Microbiol. 

27. Hall PA, Russell SL (2012) Mammalian septins: dynamic hetcromers with roles 
in cellular morphogenesis and compartmcntalization. J Pathol 226: 287-299. 

28. Momany M, Zhao J, Lindsey R, VVcstfall PJ (2001) Characterization of the 
Aspergillus nidulans septin (asp) gene family. Genetics 157: 969—977. 

29. Shin KS, Kwon NJ, Kim YH, Park HS, Kwon GS, et al. (2009) Diifercntial roles 
of the ChiB chitinase in autolysis and cell death of Aspergillus nidulans. Eukaryot 
CeU 8: 738-746. 

30. Meseroll RA, Howard L, Gladfelter AS (2012) Septin ring size scaling and 
dynamics require the coiled-coil region of Shslp. Mol Biol Cell. 

31. Frazier JA, Wong ML, Longtine MS, Pringle JR, Mann M, et al. (1998) 
Polymerization of purified yeast septins: evidence that organized filament arrays 
may not be required for septin function. Journal of Cell Biology 143. 

32. Juwadi PR, Fortwendel JR, Rogg LE, Steinbach WJ (2011) Difl'erential 
localization patterns of septins during growth of the human fimgal pathogen 



PLOS ONE I www.plosone.org 



9 



March 2014 | Volume 9 | Issue 3 | e92819 



Septin Heteropolymers in A. nidulans 



Aspergillus fumigatus reveal novel functions. Biochem Biophys Res Commun 
405: 238-243. 

33. Berepild A, Read ND (2013) Septins are important for cell polarity, septation 
and asexual spore formation in Neurospora crassa and show different patterns of 
localisation at germ tube tips. PLoS One 8: e63843. 

34. Juwadi PR, BeHna D, Soderblom EJ, Moseley MA, Steinbach WJ (2013) 
Filamentous fungal- specific septin AspE is phosphorylated in vivo and interacts 
with aetin, tubulin and other septins in the human pathogen Aspergillus 
fumigatus. Biochem Biophys Res Commun 431: 547—553. 



35. Kremer BE, Adang LA, Maeara IQ (2007) Septins regulate aetin organization 
and cell-cycle arrest through nuclear accumulation of NCK mediated by 
SOGS7. Cell 130: 837-850. 

36. Tooley AJ, Gilden J, Jacobelli J, Beemiller P, Trimble WS, et al. (2009) 
Amoeboid T lymphocytes require the septin cytoskeleton for cortical integrity 
and persistent motility. Nat Cell Biol 11: 17-26. 

37. Gilden J, Krummel MF (2010) Control of cortical rigidit\' by the cytoskeleton: 
emerging roles for septins. Cytoskeleton illolioken) 67: 477-486. 

38. Gilden JK, Peck S, Chen YC, Krummel MF (2012) The septin cytoskeleton 
facilitates membrane retraction during motility and blebbing. J Cell Biol 196: 
103-114. 



PLOS ONE I www.plosone.org 



10 



March 2014 | Volume 9 | Issue 3 | e92819 



